Polo-like kinase 1 (PLK1) is a critical regulator of cell cycle progression and apoptosis. However, its regulation remains poorly understood. In the present study, we investigated the molecular mechanism underlying the post-transcriptional regulation of PLK1. We observed that heterogeneous nuclear ribonucleoprotein K (hnRNPK) and PLK1 were positively associated in several different cancers and high expression levels of them correlated with poor prognosis in patients with cancer. Knockdown of hnRNPK resulted in reduced expression of PLK1, whereas conversely, PLK1 expression was increased in hnRNPK-overexpressing cells. We found that hnRNPK regulated PLK1 expression through KH1-and KH2-dependent interactions with the 3′UTR of PLK1 mRNA. In addition, microRNA-149-3p (miR-149-3p) and miR-193b-5p suppressed PLK1 expression by targeting the 3′UTR of PLK1 mRNA. MicroRNA-elicited enrichment of PLK1 mRNA in Ago2 immunoprecipitation was altered by the presence or absence of hnRNPK. Furthermore, the deletion of the cytosine (C)-rich sequences of the 3′UTR of PLK1 mRNA abolished the decreased PLK1 expression observed via hnRNPK silencing and administration of miRNAs, a finding that suggests that hnRNPK shares this C-rich motif with miR-149-3p and miR-193b-5p. We also found that downregulation of PLK1 by either silencing hnRNPK or overexpression of miR-149-3p and miR-193b-5p decreased clonogenicity and induced apoptosis. Our findings from this study demonstrate that hnRNPK regulates PLK1 expression by competing with the PLK1-targeting miRNAs, miR-149-3p and miR-193b-5p.
Polo-like kinases (PLKs) are a family of serine/threonine kinases that are highly conserved from yeast to humans and are important regulators of cell cycle progression. 1 To date, four isoforms have been identified in mammalian cells: PLK1, PLK2 (also known as serum-inducible kinase, SNK), PLK3 (also known as FNK), and PLK4 (also known as Sak).
2-4 PLK1 is the most commonly known member of the PLK family of kinases and is predominantly localized in the cytoplasm. PLK1 expression is tightly regulated and its regulation is closely associated with the cell cycle. For example, PLK1 is expressed at a very low level at the G1/S transition; its expression increases during the S phase, and reaches a maximum at the G2/M phase. 5 It is implicated in the initiation of G2/M transition events by activating cell division cycle 25 (cdc25, known as CDC25C in humans). 6 In addition, PLK1 directly phosphorylates components of the anaphasepromoting complex such as cdc27, and therefore, drives mitotic exit. 7, 8 PLK1 has a pivotal role in mitotic progression, and in particular, mitosis by activating cdc25C and cdk1/cyclin B1. 9, 10 To maintain genomic stability, the cell cycle must be strictly controlled. Since deregulation results in improper chromosome segregation, mitotic progression is properly advanced by cyclin-dependent kinases and tightly regulated by several critical kinases including PLK1. 11, 12 There is increasing evidence that overexpression of PLK1 is frequently observed in a number of human cancers and closely correlates with tumor progression. Constitutive expression of PLK1 results in oncogenic transformation, which indicates it is potentially oncogenic. 13, 14 In addition, depletion of PLK1 completely abrogated the ability of U2OS cells to form colonies, which provides further support that PLK1 is a key player in cellular proliferation and its overexpression contributes to oncogenic transformation. 15 Moreover, several studies have found that PLK1 expression correlates with the metastatic potential of tumors and with prognosis in patients with cancer. [16] [17] [18] [19] Heterogeneous nuclear ribonucleoprotein K (hnRNPK) is an evolutionarily conserved RNA-binding protein (RBP). 20 It contains three repeats of K homology (KH) domains (KH1, KH2, and KH3), one K-protein-interactive (KI) domain, and one nuclear-cytoplasmic shuttling domain (KNS). As an RNArecognition motif, KH domains are responsible for recognizing target mRNAs. 21 The nuclear-localization signal and KNS confer the ability for the protein to translocate between the cytoplasm and the nucleus. 22 hnRNPK has several integrated functions in gene regulation, namely, transcription, pre-mRNA processing, alternative splicing, mRNA export, and translation. [23] [24] [25] [26] [27] It was reported that hnRNPK is frequently overexpressed in different types of cancer and is closely associated with poor cancer prognosis in patients. [28] [29] [30] [31] In addition to its roles in cancer proliferation, hnRNPK has an important role in metastatic potential such as invasion and migration, [32] [33] [34] and therefore, may be a promising therapeutic target for cancer treatment.
Although hnRNPK is a critical regulator of malignancy in cancer cells, its molecular mechanism is not fully understood. Through our continued efforts to identify and characterize important targets of hnRNPK, we identified PLK1 as a critical player in hnRNPK-involved malignancy. In this study, we found that hnRNPK positively regulates PLK1 expression, which is closely associated with cancer prognosis in patients. Using different molecular approaches, we found that hnRNPK interacts with the 3′UTR of PLK1 mRNA in competition with the microRNAs (miRNA, miR), miR-149-3p and miR-193b-5p, which results in inhibition of miRNA-mediated suppression of PLK1.
Results hnRNPK is involved in the regulation of PLK1 in different types of cancer. To investigate whether hnRNPK has a role in the regulation of PLK1, we examined the level of PLK1 expression by western blot analysis of hnRNPK-silenced cells from the following cancer cell lines: lung adenocarcinoma (A549 and H322), glioblastoma (LN229 and T98G), renal cell carcinoma (Caki1 and 786-O), colon cancer (HCT116), osteosarcoma (U2OS), and hepatocellular carcinoma (HepG2). In the broad range of cancer cells, knockdown of hnRNPK significantly decreased PLK1 expression, which indicates hnRNPK is closely associated with PLK1, independent of cell context ( Figure 1a and Supplementary Figure S2a ). To verify this positive relationship between hnRNPK and PLK1, we compared the expression levels of hnRNPK and PLK1 in samples from patients with lung squamous cell carcinoma and glioblastoma multiform (Figures 1b and c, respectively) . Consistent with the in vitro data, we found that the level of hnRNPK expression positively correlated with the expression level of PLK1. To determine the association between the survival rate and expression level of hnRNPK and PLK1, Kaplan-Meier analysis of patients with kidney renal clear cell carcinoma and adrenocortical carcinoma (Supplementary Figures S1a and b, respectively) using the expression levels of hnRNPK and PLK1 was performed. In both types of cancer, hnRNPK-high patients had a significantly worse survival rate, compared with those of hnRNPK-low patients (middle panel). In addition, the survival of patients also correlated with PLK1 expression. PLK1-high patients had a worse prognosis than those with PLK1-low (right panel). Furthermore, the patients with high expression of hnRNPK and PLK1 showed a much worse prognosis (left panel).
hnRNPK positively regulates the expression of PLK1. To investigate the molecular mechanism underlying hnRNPKregulated PLK1 expression, we designed two small interfering RNAs (siRNAs) whose target sites are in different regions of the hnRNPK mRNA. Since administration of either siRNA effectively diminished hnRNPK expression, we used a pooled combination of these siRNAs for further experiments. We found that knockdown of hnRNPK in HeLa cells diminished the expression levels of both PLK1 protein and mRNA (Figures 2a, b and Supplementary Figure S2b) . In contrast, we found that the levels of PLK1 protein and mRNA were increased in hnRNPK-overexpressing cells (Figures 2c and  d) . To confirm our findings, we examined whether ectopic expression of hnRNPK restored PLK1 expression, using siRNA that targeted the 3′UTR of hnRNPK mRNA (Figure 2e ). Confirming our previous findings, we found that the level of PLK1 expression was reduced by administration of this 3′UTR-specific siRNA. In addition, we found PLK1 expression was restored through ectopic expression of hnRNPK (FLAG-hnRNPK), a finding that indicates hnRNPK positively regulates PLK1 expression.
hnRNPK directly interacts with the 3′UTR of PLK1 mRNA via the KH1 and KH2 domains. In general, RBPs influence expression of their target genes by directly binding to the 3′UTR of their respective mRNAs. In this regard, we examined whether hnRNPK interacts with the to 3′UTR of PLK1 mRNA by performing immunoprecipitation (IP) with an hnRNPK antibody (RNP-IP experiment). Cytoplasmic extracts of HeLa cells were prepared and incubated with antibody-coated magnetic beads (i.e., either control IgG or hnRNPK antibody). We found greater enrichment of PLK1 mRNA in hnRNPK-IP compared to that found in control IgG-IP, which indicates hnRNPK directly binds to PLK1 mRNA (Figure 3a) .
To determine which KH domain or domains were involved in the interaction between hnRNPK and PLK1 mRNA, we generated four KH deletion mutants: KH1 (ΔKH1), KH1/2 (ΔKH1/2), KH2 (ΔKH2), and KH3 (ΔKH3) (Supplementary Figure S3) . HeLa cells were transfected with FLAG vectors containing wild type or a deletion mutant of hnRNPK, and RNP-IP was performed from cytoplasmic extracts. Western blot analysis was performed to confirm similar expression levels of ectopic hnRNPK in the input (Figure 3b , left panel) and the level of enriched PLK1 mRNA in FLAG-IP materials were determined by RT-qPCR (Figure 3b , right panel). We found that deletion of the KH1 (ΔKH1) and/or the KH2 (ΔKH2) domain resulted in significantly decreased enrichment of PLK1 mRNA in hnRNPK-IP materials. In contrast, we found no difference in the interaction between hnRNPK and PLK1 mRNA in the absence of the KH3 domain. Our findings indicate that hnRNPK interacts with the 3′UTR of PLK1 mRNA, an interaction that requires the KH1 and KH2 domains of hnRNPK. To identify the region or regions of interaction, biotin pull-down experiments using four biotinylated fragments of the 3′UTR of PLK1 mRNA were performed (Figure 3c and Supplementary Figure S4 ). Of the four fragments, we found that hnRNPK demonstrated a preferential affinity to the third fragment (#3) of the 3′UTR of PLK1 mRNA. To test whether hnRNPK influenced PLK1 expression by acting on the 3′UTR of PLK1 mRNA, a heterologous reporter construct expressing a chimeric RNA, which spanned the GFP coding region, and fragment #3 of the PLK1 3′UTR was constructed. As shown in Figure 3d , knockdown of hnRNPK decreased GFP expression from the reporter chimeric plasmid pGFP/PLK1 3′UTR #3, but not from pGFP alone, a finding that indicates fragment #3 is responsible for the hnRNPK-mediated regulation of PLK1.
miRNA-149-3p and miR-193b-5p suppress PLK1 expression. Since it was determined that hnRNPK recognizes and binds to a C-rich region (fragment #3) in the 3′UTR of PLK1 mRNA, we examined fragment #3 for miRNA-binding sites, using several prediction programs such as TargetScan, miRanda, and PicTar. Because of the presence of G-rich sequences in their seed, which provides a high probability of competing with hnRNPK, two miRNAs (miR-149-3p and miR-193b-5p) were selected for further investigation. First, we tested the effect of miR-149-3p on PLK1 expression, and found that transfection of HeLa cells with an miR-149-3p mimic suppressed expression of PLK1 protein and mRNA (Figures 4a and b, respectively). In addition, it reduced the expression level of GFP bearing the wild-type 3′UTR of PLK1 mRNA (#3 fragment), but not that of the mutant (Figure 4c ). Consistent with our findings on miR-149-3p, we found decreased expression of PLK1 protein and mRNA in cells transfected with an miR-193b-5p mimic (Figures 4d and e). As expected, we found reduced expression of GFP harboring the wild-type 3′UTR of PLK1 mRNA (#3 fragment), but not that of the mutant (Figure 4f ). These findings revealed that miR-149-3p and miR-193b-5p were PLK1-targeting miRNAs.
hnRNPK competes with miR-149-3p and miR-193b-5p for the 3′UTR of PLK1 mRNA. As mentioned previously, we found that hnRNPK and two miRNAs (miR-149-3p and miR-193b-5p) were involved in the regulation of PLK1 expression. Interestingly, these trans-regulatory factors may share their binding sites in the 3′UTR of PLK1 mRNA (Supplementary Figure S4) . Therefore, we hypothesized that PLK1 is tightly regulated through the interactions between hnRNPK and these two miRNAs (miR-149-3p and miR-193b-5p). To test this hypothesis, we first tested whether the RISC complex, which contains miR-149-3p or miR-193b-5p, interacted with the 3′UTR of PLK1 mRNA. We found that enrichment of PLK1 mRNA in Ago2-IP was increased by miR-149-3p and miR-193b-5p ( Figure 5a) . Next, the effect of hnRNPK on the interaction between miRNAs and the 3′UTR of PLK1 mRNA was investigated. We found that knockdown of hnRNPK increased enrichment of PLK1 mRNA in Ago2-IP compared to that found in controls (Figure 5b ). Conversely, we found that the level of PLK1 mRNA in Ago2-IP was diminished in hnRNPK-overexpressing cells (Figure 5c ), which indicated that hnRNPK can disrupt the interaction between miRNA-loaded RISC and PLK1 mRNA. Next, the expression level of these miRNAs was assessed to exclude the possibility that hnRNPK affects enrichment of PLK1 mRNA in Ago2-IP by altering the expression of miR-149-3p and miR-193b-5p. In the hnRNPK-silenced cells, we found that their expression levels were almost identical to those found in controls (Figure 5d ). These findings demonstrated that hnRNPK regulates PLK1 expression through a To verify our findings, we prepared a GFP chimeric vector that lacked the sequences recognized by hnRNPK and the miRNAs, and tested the effect of miRNA mimics (miR-149-3p and miR-193b-5p) on GFP expression. Similar to our previous findings, we found that the miRNA mimics suppressed the expression of GFP harboring the binding sequence for hnRNPK and the miRNAs; however, in the case of the deletion mutant, we found that the miRNA mimics did not have an effect (Figure 5e ). Next, we hypothesized that hnRNPK and these two miRNAs share their binding sites in the 3′UTR of PLK1 mRNA. To test our hypothesis, we first confirmed the interaction between hnRNPK and the GFP chimeric mRNAs. Concordant with our previous RNP IP findings, we found that hnRNPK was bound to #3 fragment of the 3′UTR of PLK1 mRNA. However, we found that hnRNPK did not interact with GFP chimeric mRNAs that lacked the miRNA-binding sites (Figure 5f ). Furthermore, we compared GFP expression in the presence and absence of hnRNPK. While we found that knockdown of hnRNPK decreased GFP expression, it had no effect on expression in the deletion mutant ( Figure 5g ). Next, we investigated whether hnRNPK reverses miRNA-mediated downregulation of PLK1. Similar to previous findings, we found that overexpression of the miRNAs, miR-149-3p and miR-193b-5p, suppressed PLK1 expression, whereas hnRNPK restored PLK1 expression (Figure 5h ). These results indicate that hnRNPK shares a binding sequence with miR-149-3p and miR-193b-5p, and furthermore, reverses the functional effects of these miRNAs by disrupting their interaction with the 3′UTR of PLK1 mRNA.
Decreased expression of PLK1 inhibits clonogenicity and induces apoptotic cell death. Owing to its critical roles in the cell cycle, knockdown of PLK1 inhibits cellular proliferation and triggers apoptotic cell death in a wide range of cancers. Therefore, we investigated the role of PLK1 in clonogenic abilities. We found that downregulation of PLK1 by hnRNPK silencing or using miRNA mimics significantly decreased the number of colonies (Figures 6a and b,  respectively) . To test whether downregulation of PLK1 results in the decrease of clonogenicity, the function of PLK1 was investigated. We found that knockdown of PLK1 inhibited clonogenicity of HeLa cells (Figures 6c and d) . Two different siRNAs targeting hnRNPK and PLK1 showed similar results (Supplementary Figures S2c and e, respectively) . Next, we examined the degree of apoptotic cell death in PLK1-suppressed cells and found a significant increase of PARP cleavage in hnRNPK-silenced cells (Figure 6e) . Similarly, we found that overexpression of PLK1-targeting miRNAs (miR--149-3p and miR-193b-5p) by introducing their respective mimic dramatically induced PARP cleavage compared to that found in control miRNA-transfected cells (Figure 6e ). Since PLK1 is implicated in the acquisition of resistance against cancer chemotherapeutics, we next examined whether knockdown of hnRNPK sensitized HeLa cells to etoposide treatment. It was found that apoptotic cell death by etoposide was potentiated in hnRNPK-silenced cells (Figure 6f) . Furthermore, knockdown of hnRNPK not only triggered apoptotic processes, but also potentiated etoposide-induced cell death (Figure 6g) .
Collectively, our results indicate that hnRNPK and PLK1-tageting miRNAs (miR-149-3p and miR-193b-5p) share their preferred C-rich binding sequence in the 3′UTR of PLK1 mRNA and thus it competes with miRNA-loaded RISC to interact with PLK1 mRNA. Based on our findings, we propose a novel mechanism by which hnRNPK regulates PLK1 expression (Figure 7) . The interaction between miRNAloaded RISC and PLK1 mRNA 3′UTR was disrupted in the condition of high hnRNPK (Figure 7a) . Conversely, PLK1 mRNA is very vulnerable to suppression by miR-149-3p and miR-193b-5p in the presence of low hnRNPK level (Figure 7b ). Table S2 ). HeLa cells were simultaneously transfected with siRNAs (control or hnRNPK 3′UTR siRNA) and with plasmid DNA (FLAG or FLAG-hnRNPK vector). After 48 h post-transfection, the level of endogenous and ectopic hnRNPK, PLK1, and the loading control, GAPDH, was assessed by western blot. All experiments were performed more than three times and data represent mean ± S.D.
Discussion
Post-transcriptional gene regulation (PTGR) is involved in the precise control of many oncogenes and tumor-suppressing genes. 35 As the trans-acting factors, RBPs and miRNAs have key roles in PTGR mainly through interactions with the 3′UTR of target mRNAs (cis-elements). 36 RBPs have been classified into two groups that are defined by the characteristics of their binding sequences: one group consists of the AU-rich element (ARE)-binding proteins and the other consists of the pyrimidine (C/CU)-rich element-binding proteins. As a poly-r(C)-binding RBP, hnRNPK is highly expressed in a number of different cancers and is implicated in both cancer development and gain of metastatic potential. 32 Compared to other hnRNP members, hnRNPK has different characteristics, including its KH domains and DNA-binding affinity. For these reasons, hnRNPK has a significant role in various cellular processes in both the nucleus and the cytoplasm. First, it directly interacts with the RNA polymerase machinery through its association with the TATA-box binding protein to activate the transcription of target genes. 37 In addition, hnRNPK is involved in alternative splicing processes by interacting with RNA splicing factors; approximately 50% of total alternative splicing in apoptosis-associated genes was affected by hnRNPK. 38 Through a direct interaction with elongation factor-1α, hnRNPK affects translation of target genes. 39 Depending on cell context and UTR sequence, the translational efficacy of target genes is differentially affected by hnRNPK. For example, hnRNPK increases translation of the androgen receptor by binding to the 5ʹUTR of its mRNA, 40 but it inhibits the translation of p21 through interaction with the 3′UTR of its mRNA. 41 In this report, PLK1 mRNA is identified as a novel target of hnRNPK. Through IP experiments using deletion mutants, we found that KH1 and KH2 domains of hnRNPK are required for the recognition of C-rich sequence in the 3′UTR of PLK1 mRNA that is denoted by #3 fragment.
Since many trans-elements have shared binding sequences, they cooperatively or competitively influence the Figure 3 hnRNPK directly interacts with the 3′UTR of PLK1 mRNA through its KH1 and KH2 domains. (a) To determine whether hnRNPK binds to the 3′UTR of PLK1 mRNA, cytoplasmic lysates were prepared as described in the Materials and Methods, and immunoprecipitated (IP) using hnRNPK antibody-coated beads. RNA was isolated from IP materials and the level of PLK1 mRNA was determined by RT-qPCR. Western blot was performed to confirm IP efficiency. (b) As an RNA-binding protein, hnRNPK has three KH domains: KH1, KH2, and KH3. To evaluate which domain or domains are responsible for the interaction between hnRNPK and PLK1 mRNA, four KH deletion mutants were manufactured: ΔKH1, ΔKH1/2, ΔKH2, and ΔKH3 (Supplementary Figure S3) . HeLa cells were transfected with FLAG vectors containing the wild-type (full length, FL) and the four deletion mutants. Cytoplasmic lysates were prepared and IP was performed using FLAG antibody. Identical expression levels of ectopic hnRNPK (FLAG-hnRNPK) in input were determined by western blot, and the level of enriched PLK1 mRNA in FLAG-IP was assessed by RT-qPCR. (c) Schematic depiction of the biotinylated RNAs of the 3′UTR of PLK1 mRNA used for biotin pull-down analysis. The level of hnRNPK in biotin pull-down samples was determined by western blot. (d) We constructed vectors expressing chimeric RNAs spanning the GFP (A) and fragment #3 of the 3′UTR PLK1 mRNA (B). HeLa cells were first transfected with control or hnRNPK siRNA. After 24 h post-transfection, cells were resuspended into six-well plates followed by transfection with GFP vectors (blank or fragment #3 of the 3′UTR PLK1 mRNA). The level of hnRNPK, GFP, and the loading control, GAPDH, was assessed by western blot. All experiments were performed more than three times and data represent mean ± S.D.
expression of their target genes. In the destabilization of mRNA, tristetraprolin (TTP) was reported to recruit miR-16-loaded Ago2 into ARE-containing mRNAs such as tumor necrosis factor-α and cyclooxygenase-2 (COX-2). 42 Human antigen R (HuR) acts in collaboration to regulate translationally the expression of c-myc 43 and RhoB 44 with let-7a and miR-19, respectively. In addition to its cooperative effects, HuR protects target mRNAs from miRNA-mediated degradation or translational suppression. 45 In stressful conditions such as amino acid deprivation, HuR abolishes miR-122-mediated translational suppression of CAT-1 mRNA 46 and miR-16-mediated degradation of COX-2 mRNA. 47 To date, the most well-known PLK1-targeting miRNA is miR-100-5p. It was reported to repress PLK1 expression in nasopharyngeal cancer, hepatocellular carcinoma, non-small cell lung cancer, and cervical cancer. [48] [49] [50] [51] [52] In addition, miR-100-5p is closely associated with cancer prognosis in patients and is considered a potential molecular marker of non-small cell lung cancer. In this study, we also tested whether hnRNPK can influence the function of miR-100-5p. Consistently with our miRNAs, miR-149-3p and miR-193b-5p, PLK1 was downregulated by miR-100-5p of which binding site is located near C-rich sequences recognized by miR-149-3p and miR-193b-5p (denoted as #3 fragment in this report). Similar Figure 4 miR-149-3p and miR-193b-5p suppress PLK1 expression through direct interactions with the 3′UTR of PLK1 mRNA. (a,b) HeLa cells were transfected with control miRNA or pre-miR-149-3p. After 48 h post-transfection, PLK1 protein and mRNA levels were determined by western blot and RT-qPCR, respectively. hnRNPK and the loading control, GAPHD, were examined by western blot. (c) We constructed two GFP vectors to investigate whether a direct interaction with the 3′UTR PLK1 mRNA is required for downregulation of PLK1 by miR-149-3p. Based on vectors expressing chimeric RNAs spanning the GFP (A) and fragment #3 of the 3′UTR PLK1 mRNA (B), we constructed vectors (C) containing mutated sequences of the miR-149-3p-binding sites in the 3′UTR PLK1 mRNA (fragment #3). After overexpression of miR-149-3p, cells were transfected with the indicated GFP vectors: blank, wild-type (WT), or mutated type (MT). (d-f) Similar to our investigation of miR-149-3p, we tested the effect of miR-193b-5p on PLK1 expression as described above. All experiments were performed more than three times and data represent mean ± S.D. Figure 5 Competitive regulation of PLK1 by hnRNPK and miR-149-3p/193b-5p. (a) Cytoplasmic lysates were obtained from miR-149-3p-or miR-193b-5p-overexpressing cells and immunoprecipitated (IP) with Ago2-specific antibody. Enrichment of PLK1 mRNA in Ago2 IP was assessed by RT-qPCR. (b,c) To investigate the effect of hnRNPK on the interaction between PLK1 mRNA and an miRNA-loaded RISC complex, enrichment of PLK1 mRNA in Ago2 IP was examined using cytoplasmic lysates obtained from hnRNPK-silenced (b) or -overexpressing (c) HeLa cells. The level of PLK1 mRNA in Ago2 IP was assessed by RT-qPCR. (d) To test whether hnRNPK affects expression of miR-149-3p and miR-193b-5p, cells were transfected with control or hnRNPK siRNA. After 48 h post-transfection, miRNA expression levels were determined by RT-qPCR. (e) To examine the effect of miRNA mimics on GFP expression, GFP reporters were generated in which GFP was linked to fragment #3 harboring or lacking the binding sequence for hnRNPK and the miRNAs (GFP vector B and E in the schematic). GFP expression was assessed by western blot. (f) The interaction between hnRNPK and GFP chimeric mRNAs was examined. Cells were transfected with the previously described GFP vectors and cytoplasmic lysates were prepared. GFP mRNA enrichment was measured by RNP IP using hnRNPK antibody followed by RT-qPCR. (g) To test whether hnRNPK affects GFP expression in the absence of an miRNA-binding sequence, GFP reporters described in e were used. The expression levels of hnRNPK and GFP were assessed by western blot. (h) To determine whether hnRNPK restored PLK1 expression, cells were transfected with miRNA mimics (pre-miR-149-3p and miR-193b-5p) and an hnRNPK vector (FLAG-hnRNPK). Expression of hnRNPK and PLK1 was assessed by western blot. All experiments were performed more than three times and data represent mean ± S.D.
to the observation of miR-149-3p and miR-193b-5p, we found that hnRNPK can also influence the function of another PLK1-targeting miR-100-5p (Supplementary Figure S6) . Collectively, we demonstrate that hnRNPK competitively controls the expression of PLK1 with PLK1-targeting miRNAs for binding to 3′UTR of its target mRNA. We observed that the competitive relation between hnRNPK and PLK1-targeting miRNAs is dependent on the expression levels of miRNAs. Whereas both miR-149-3p and miR-193b-5p suppressed the expression of PLK1 in HeLa and H322 cells, we found that only one miRNA mimic showed the decrease in PLK1 expression: miR-149-3p in T98G cells and miR-193b-5p in HCT116 and HepG2 cells. Similar to what we observed in HeLa cells, the expression level of PLK1 was restored in hnRNPK-overexpressed cells in both cells. (Supplementary Figure S5) . These results are possibly due to two aspects: (1) the different levels of miR-149-3p and miR-193b-5p; (2) the different levels of RBPs which can influence the interaction of miRNAs to the 3′UTR of target mRNA. Taken together, we demonstrate that PLK1 expression is governed through a dynamic post-transcriptional regulatory mechanism, depending on the levels of trans-acting factors such as miRNAs and RBPs. PLK1 is overexpressed in several different types of cancer and is closely associated with cancer prognosis in patients. It has key roles in the control of the cell cycle, and therefore, regulates cellular proliferation. 53 As one of the most attractive targets for the development of anticancer drugs, PLK1 has been the subject of extensive research. It was found that inhibition of PLK1 by siRNA or small molecules decreases proliferation and triggers the apoptotic process in both in vitro and in preclinical studies. In this study, it was first reported that miR-149-3p and miR-193b-5p are novel PLK1-targeting mRNAs and hnRNPK is able to regulate PLK1 expression by binding to the 3′UTR of PLK1 mRNA in competition with miR-149-3p and miR-193b-5p. Based on our findings, we propose a novel mechanism underlying hnRNPK-mediated PLK1 regulation (Figure 7) . Briefly, hnRNPK can disrupt the interaction between PLK1 mRNA 3′UTR and miRNA-loaded RISC, resulting in the increase of PLK1 expression. On the contrary, miRNA-loaded RISC easily interacts with the 3′UTR of PLK1 mRNA, in turn lowering the PLK1 expression in the presence of low hnRNPK. We demonstrate that hnRNPK which is highly expressed in cancer plays an important role in the post-transcriptional regulation of PLK1 in competition with PLK1-targeting miRNAs.
Materials and Methods
Cell culture and transfection. Cancer cells from lung adenocarcinoma (A549 and H322), glioblastoma (LN229 and T98G), renal cell carcinoma (Caki1 and 786-O), colorectal carcinoma (HCT116), osteosarcoma (U2OS), hepatocellular carcinoma (HepG2), and cervical carcinoma (HeLa) cell lines were maintained in Dulbecco's modified Eagle's medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic solution (GIBCO-BRL, Grand Island, NY, USA).
Complementary DNA (cDNA) from HeLa cells were used to generate constructs of the full-length and deletion mutants of FLAG-hnRNPK (Supplementary Figure S3 and  Supplementary Table S1 ). For knockdown of hnRNPK, we designed two specific siRNAs targeting the coding region or the 3′UTR of hnRNPK mRNA. To reduce PLK1 expression, two specific siRNAs targeting the coding region of PLK1 mRNA were synthesized (ST Pharm, Seoul, South Korea). The sequences of these siRNAs are provided in Supplementary Table S2 . Synthesized miRNA mimics (pre-miR-149-3p and pre-miR-193b-5p) were purchased from Ambion (Austin, TX, USA) and used for miRNA overexpression. For transient transfection, cells were plated at an appropriate confluency and transfected with the indicated siRNAs or plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.
Western blot analysis. Cells were lysed using radioimmunoprecipitation (RIPA) buffer containing protease and phosphatase inhibitors (Roche, Basel, Switzerland). Equal amounts of cell lysate were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). After blocking, membranes were incubated with the respective primary antibody, washed, and incubated with the appropriate secondary antibody. The antibodies used in this study are provided in Supplementary Table S3. RT-qPCR analysis. Total RNA was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions and used as a template to synthesize cDNA, using the SuperScript III First-Strand Synthesis System (Invitrogen). The Figure 7 Proposed action mechanism underlying hnRNPK-mediated PLK1 regulation. Under the condition of high hnRNPK, the interaction between PLK1 mRNA 3′UTR and miRNA-loaded RISC is disrupted by hnRNPK, which results in increase of PLK1 expression. Conversely, in the presence of low hnRNPK, miRNA-loaded RISC easily interacts with the 3′UTR of PLK1 mRNA, in turn lowering the PLK1 expression amount of mRNA was quantified by RT-qPCR with an ABI Prism 7900 using Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Primer sequences are provided in Supplementary Table S4 .
Immunoprecipitation of ribonucleoprotein (RNP-IP). To assess direct interactions between hnRNPK and its target mRNA, RNP-IP was performed using Dynabeads Protein A (ThermoFisher Scientific, Rockford, IL, USA) coated with control IgG (Santa Cruz, CA, USA) or hnRNPK antibody (Abcam, Cambridge, UK). Cytoplasmic lysates were prepared using PEB lysis buffer containing protease inhibitor, phosphatase inhibitor, and RNaseOUT (Invitrogen), and were incubated with Dynabeads (ThermoFisher Scientific). Following treatment with DNase I and protease K, RNA was isolated and used to determine enrichment of PLK1 mRNA in IP materials. Enrichment of PLK1 mRNA in Ago2-IP or FLAG-IP was determined by following the procedure described above using Dynabeads coated with Ago2 or FLAG antibody, respectively.
Biotin pull-down assay. To synthesize biotinylated transcripts, PCR fragments were prepared using primers shown in Supplementary Table S5 . After biotinylated transcripts were synthesized using the MaxiScript T7 kit (Ambion), whole-cell lysates were incubated with purified biotinylated transcripts for 4 h at room temperature and complexes were isolated using streptavidin-coupled Dynabeads (ThermoFisher Scientific). The level of hnRNPK in the pull-down material was determined by western blot analysis.
Reporter assay. To determine the miRNA recognition elements in the 3′UTR of PLK1 mRNA, we prepared five GFP reporter constructs: (A) blank pEGFP-C1 vector, (B) wild-type (WT) 3′UTR of PLK1 mRNA fragment #3, (C) five point mutations in the miR-149-3p seed region, (D) four point mutations in the miR-193b-5p seed region, and (E) a deletion mutant that does not have a seed region of either miRNA. The effects of these mutations on GFP expression were assessed by western blot analysis.
Colony forming assay. To determine clonogenicity, a colony-forming assay was performed. Briefly, transfected cells were seeded in triplicate in six-well plates and cultured for 2 weeks. Cells were fixed with 4% paraformaldehyde and stained with 0.2% crystal violet. Clonogenic abilities were determined by counting the number of colonies.
Gene expression correlation and survival analysis. The correlation of gene expression and the significance for clinical outcome were plotted using The Cancer Genome Atlas (TCGA) data set.
